Polypyrrole (PPy) films were galvanostatically deposited on 99.9 wt. (%) aluminum electrodes from aqueous solutions containing each carboxylic acid: tartaric, oxalic or citric. Scanning Electron Microscopy (SEM) was used to analyze the morphology of the aluminum surfaces coated with the polymeric films. It was observed that the films deposited from tartaric acid medium presented higher homogeneity than those deposited from oxalic and citric acid. Furthermore, the corrosion protection of aluminum surfaces by PPy films was also investigated by potentiodynamic polarization experiments.
Introduction
Polypyrrole (PPy) is a conducting polymer that has been investigated for applications in batteries, sensors, membranes and protection of metals against corrosion [1] [2] [3] [4] . The polymer can be prepared by chemical and electrochemical methods from aqueous or organic media. The electrochemical process is more advantageous since film properties such as thickness and conductivity can be controlled by the synthesis parameters (current density, substrate, pH, nature and concentration of electrolyte) 5, 6 . The electrolytic species can participate as dopant and incorporate into the polymeric films 7 . The anions are indispensable to compensate the conducting polymer charges. The structure and the concentration of these anions affect the conductivity, the stability and the morphology of the PPy films 8 . It was found that the films doped with aromatic organic anions are electrically more conductive than those doped with inorganic anions. This behavior has been ascribed to a better superposition of the molecular orbitals of the dopant with the π atomic orbitals of the carbon in the polymeric chain. It was also observed that PPy films doped with organic species are more adherent and uniform than those doped with inorganic anions 9 .
In a previous work, we have reported that adherent and homogeneous PPy films were galvanostatically electrodeposited on aluminum surfaces from aqueous solutions containing pyrrole and tartaric acid, pH 2, applying current density of 2.5 mA.cm -2 10 . In this work, the influence of aliphatic organic acids on the electrodeposition of PPy films on 99.9 wt. (%) aluminum surfaces was investigated. The polymeric films were galvanostatically deposited at 2.5 mA.cm -2 from aqueous solutions containing, respectively tartaric, oxalic or citric acid. The morphology of the PPy films was characterized by Scanning Electron Microscopy (SEM). Additionally, the efficiency of the polymeric films on protecting aluminum surfaces against corrosion was investigated by polarization curves in chloride medium.
Experimental
The electrochemical experiments were performed at room temperature in a cell containing three electrodes. The working electrode was a 99.9 wt. (%) aluminum rod, embedded in Teflon ® , leaving a disc-shaped exposed area of 0.53 cm 2 . The reference electrode was a saturated Ag / AgCl, Cl -electrode, and the auxiliary electrode was a platinum wire. These experiments were carried out by a Potentiostat / Galvanostat MQPG-01 Model (Microquímica).
The PPy films were galvanostatically deposited from aqueous solutions containing 0.5 mol.L -1 pyrrole (Aldrich, distilled before using) + 0.2 mol.L -1 of each aliphatic acid: tartaric acid (Reagen), oxalic acid (Fisher) or citric acid (Reagen). The pH of each solution was adjusted to 2.0 by addition of NaOH (Synth). The applied current density was 2.5 mA.cm -2 . Before each electrochemical experiment, the aluminum surfaces were polished with emery paper (400, 600 and 1000 grades), 3-μm alumina water suspension and rinsed with distilled water.
The morphology of aluminum surfaces coated with PPy films was analyzed using a Jeol JXA-840A Scanning Electron Microscope (SEM). The micrographs were obtained using an electron beam of 15 keV.
FTIR spectroscopy was used to analyze the PPy films composition. The spectra were obtained using a spectrometer model SPECTRUM-2000 (Perkin Elmer). The analysis conditions were: wavenumber range of 4000-400 cm -1 , 4 cm -1 resolution, 40 scans, and room temperature (25 °C) . KBr pellets were prepared with the PPy films. The films were dried at vacuum and then carefully removed from aluminum surfaces with aid of a spatula.
The corrosion resistance of aluminum surfaces, polished and coated with PPy films, was investigated using the potentiodynamic polarization technique. The surfaces were exposed to a 0.1 mol.L -1 NaCl aqueous solution (pH 5.9), not stirred and open to the atmosphere. The polarization curves were obtained starting from the open circuit potential (OCP) and varying the potential, respectively, up to 400 mV (anodic branch of the Tafel plot) and down to -400 mV (cathodic branch of the Tafel plot). The potential scan rate was 5 mV.s -1 . The corrosion potential (E corr ) and the corrosion current densitiy (j corr ) were obtained from the Tafel plots. The E corr is the potential at which the current density is zero. The j corr was determined by extrapolation, to E corr , from linear parts of the anodic and cathodic branches of the Tafel plots 11 . ). It was observed that the steady-potential value at which occurs the growth of PPy films, decreases in the following sequence: citric acid > tartaric acid > oxalic acid. This behavior has been associated to aluminum oxide layer characteristics.
Results and Discussion
The proposed mechanism to explain the PPy formation on aluminum surfaces considers the growth of polymer nucleus through pores and/or cracks on the oxide layer 7, 12, 13 . Consequently, a more compact oxide layer, with fewer defects, should difficult the PPy growth. The adsorption of stable complexes at the interface aluminum oxide/electrolytic solution may result in a more compact and resistant oxide layer 14, 15 . The formation of complexes between aluminum species and the organic acids occurs through carboxylic groups 16 . Among the used aliphatic acid, the citric acid presents higher number of active sites to complexing with aluminum species at the interface oxide/solution 16 . Consequently the oxide layer is more compact and thicker in citric acid medium and can explain the PPy growth at higher potential. Figure 2 presents the structures of the organic acids used as electrolytes. Studies were being performed in our laboratory to verify the behavior of these acids in the anodization of aluminum surfaces and their role as corrosion inhibitors.
The PPy films deposited from each aliphatic acid were removed from aluminum surfaces and characterized by FTIR spectroscopy. The results are presented in Figure 3 .
The absorption bands at 1170 and 1630 cm -1 in the FTIR spectra of PPy films electrodeposited from oxalic and citric acid media have been attributed, respectively, to the bipolaronic species and to carbonyl groups that are formed by overoxidation 17, 18 . Similar bands were not observed in the FTIR spectrum of PPy film electrodeposited from tartaric acid medium, which indicates that the polymer deposited from this medium presents lower overoxidation degree than the films formed in oxalic or citric acids.
The overoxidation is an irreversible degradation process that results in the shortening of the polymer chain length and/or formation of defects and pores along the PPy chain 19 . Figure 4 shows the sequence of reactions that occur during the overoxidation.
The spectrum of PPy film deposited from tartaric acid (Figure 3a ) presents a very strong band at 1700 cm -1 and a medium band at 1134 cm -1 , attributed to the carboxylic and hydroxyl groups, respectively 20, 21 . These bands are associated to the tartaric acid, which incorporates the polymeric film via doping during the synthesis of the PPy. Since the overoxidation also results in the dedoping of conducting polypyrrole 19 , it can concluded that the PPy film deposited in tartaric acid is not overoxidized.
Scanning Electron Microscopy was used to investigate the morphology of the PPy films electrodeposited from each aliphatic acid. The obtained micrographs are presented in Figure 5 .
The PPy films present a cauliflower-like structure constituted by micro-spherical grains. It has been reported that this cauliflower structure is related to the dopant intercalation difficulty in the disordered polymeric chain 22 . The PPy film formed in tartaric acid medium was more homogeneous than the films deposited in media containing the other acids. Figure 5 also shows that the cauliflower structure in the PPy films deposited from oxalic acid was smaller than those observed in the PPy films formed in citric acid, which presented a smaller structure than the PPy electrodeposited from tartaric acid. The smallest size of cauliflower structure has been attributed to the occurrence of overoxidation process during the synthesis of PPy.
The corrosion resistance of aluminum surfaces coated with PPy films was investigated in chloride containing medium Figure 6 shows the potentiodynamic polarization curves, in 0.1 mol.L -1 NaCl aqueous solutions, not stirred, pH 5.9, for just polished aluminum surfaces and for surfaces coated with PPy films deposited galvanostatically at 2.5 mA.cm -2 in the different electrolytes. The potential scan rate was 5 mV.s -1 . The corrosion potential of aluminum surfaces coated with polymeric films shifted to less negative values and the anodic current densities of these surfaces were smaller than those observed to just polished aluminum surfaces. These observations can be taken as an indication that aluminum surfaces coated with PPy films are more resistant to corrosion than uncoated surfaces. Furthermore, after polarization curves, it was noted pits on the uncoated aluminum surface, which presented pit potential at -0.69 V (Figure 6 , curve 1). Pit potential was not observed in polarization curves for aluminum surfaces coated by PPy films.
The cathodic current densities, however, were higher for aluminum surfaces coated with PPy than for uncoated aluminum surfaces. The cathodic current densities increased in the sequence: uncoated surfaces < surface coated with PPy deposited in citric acid < surface coated with PPy deposited in tartaric acid ≅ surface coated with PPy deposited in oxalic acid. Similar results have been shown in literature and have been associated to reduction reaction of polymeric matrix, which contributes to increasing the cathodic currents 23, 24 . ) from pyrrole aqueous solutions containing, respectively, 0.2 mol.L -1 acid: 2) citric; 3) oxalic; and 4) tartaric. The presence of the voids among the cauliflower structure of the films deposited in oxalic and citric acid ( Figure 5 ) allows the penetration of chloride ions (aggressive species) favoring the corrosion process.
It was also observed that the aluminum surfaces coated by PPy films deposited in tartaric acid presented smaller amount of pits after polarization experiments in chloride medium.
Conclusion
Considering the anodic current densities in the potentiodynamic polarization curves as a criterion to determining the corrosion protection afforded by the PPy films, it would be possible to affirm that aluminum surfaces coated with the polymeric films are less susceptible to corrosion process than just polished ones. Additionally, it could be also said that PPy films electrodeposited in tartaric acid medium are the ones that offer better corrosion performance. This result can be explained by the highest homogeneity of the polymeric films formed in this medium (SEM micrographs).
The PPy films deposited from oxalic or citric acid were more susceptible to the overoxidation process than those films formed in tartaric acid. This fact was demonstrated in the SEM micrographs and by the presence of the bands attributed, respectively, to bipolaronic species and to carbonyl groups on the FTIR spectra.
The overoxidation process is responsible by pores and defects along the polymeric structure that allow the penetration of chloride ions (aggressive species) favoring the corrosion process. 
PPy doped + ne -→ PPy undoped (4) The electrochemical parameters obtained from the polarization curves shown in Figure 6 are presented in Table 1 .
The corrosion current densities of the aluminum surfaces coated with PPy films were higher than those observed for uncoated surfaces. The occurrence of redox reactions in the polymeric matrix can also contribute to increasing the corrosion current densities values.
However, if the anodic current densities are used as criterion to determine the corrosion protection afforded by the PPy films, it would be possible to affirm that aluminum surfaces coated with the polymeric films are less susceptible to corrosion processes than just polished ones. Additionally, one could say that PPy films electrodeposited from tartaric acid offer better corrosion performance. This result is ascribed to the highest homogeneity of these films (SEM micrographs).
